Introduction
Ample evidence has illustrated the relationship between age-related changes in the brain and alterations in cognitive performance [1] . Studies at the neuronal level have demonstrated that during physiological ageing, dopaminergic decline as well as grey and white matter atrophy are both correlated with specific cognitive changes [2, 3] . A recent review [4] concluded that the brain shrinks in volume and that the ventricular system expands in the ageing brain (with high heterogeneity). The volumetric reductions are likely related, to a minor extent, to neural loss because the shrinkage of neurons, reduction of synaptic spines and lower numbers of synapses probably account for the reduction in grey matter [4] . However, reductions in processing speed, memory, executive functions and language production have been shown during physiological ageing. Such reductions are mediated by neuroanatomical changes, with increased age often associated with lower performance on a wide variety of cognitive tasks [4, 5] . Accordingly, it is clear that ageing is influenced by a large number of factors that vary from individual to individual, and, to date, it is unclear how differences in brain activity relate to cognitive performance in elderly participants [5, 6] . Because the mean age of the population increases the number of people that will experience an age-related reduction in cognitive abilities will increase; despite this, although some individuals will show pronounced cognitive deficits, others will not.
Understanding the basis of minor vs. major age-related cognitive decline is of great interest, and some investigations have assessed the predictive value of several factors for successful ageing [7, 8] , and non-pharmacological interventions for cognitive difficulties in healthy older adults have gained much attention in recent years [9] [10] [11] . Relevant studies have suggested that cerebral plasticity and cognitive reserve play important roles in physiological ageing [9, 10, 12, 13] .
One method used to investigate age-related modifications in cognition is neuroimaging, and neuroimaging data from some cognitive models on ageing have been acquired. A recent review highlights that the application of functional neuroimaging to healthy ageing participants suggests functional age-related changes during the execution of several cognitive tasks, despite the many discrepancies in this literature [14] . Alterations in hemispheric asymmetry have been reported in studies of physiological and pathological ageing [15] [16] [17] . Frontal asymmetry was significantly reduced during a cognitive task in healthy elderly participants as compared to young participants [16] . As one of the major cognitive declines in both healthy and pathological ageing is a reduction in memory performance, most of the neuroimaging studies on healthy ageing participants have investigated memory processes and suggest the presence of functional age-related reductions in the left prefrontal cortex (PFC) and temporo-occipital regions and increases in activity in the insular regions. Generally, these studies have shown a reduction in functional asymmetry in the prefrontal cortex [18] and have led to development of the hemispheric asymmetry reduction in older adults (HAROLD) model [16] , subsequently confirmed by rTMS [16, [19] [20] [21] [22] [23] [24] . Additionally, over-activation of the PFC in older adults represents the starting point of the posterior-anterior shift in ageing (PASA) model, which implicates age-related increases in frontal activity and decreases in occipital lobe activity [25] .
Language represents another example of a cognitive ability that dramatically changes during ageing. Evidence from both lesion and imaging studies suggests a central role for the left prefrontal, temporal and parietal areas during naming, although some differences exist for object (noun) vs. action (verb) naming [26] [27] [28] . A progressive reduction in lexical retrieval has been well-documented in older adults [29] [30] [31] . Unlike word-meaning retrieval, which appears to be preserved or even enhanced with ageing [32, 33] , the ability to retrieve the sound or phonology of words seems to decline in older adults. Moreover, the frequency of tip-of-the-tongue experiences significantly increases with ageing, and older adults report an inability to produce well-known words as one of the most annoying cognitive "symptoms" that they experience [34, 35] . A few imaging studies have reported on a neural age-related change that correlates with the increase of this disturbance in healthy ageing. The results of these studies support a neural cause of word retrieval difficulties (tip-of-tongue effect) in physiological ageing, highlighting the effects of ageing on the activity of the insula [36] and in the white matter integrity of the posterior aspect of the superior longitudinal fasciculus [37] .
Even if naming is an ability that shows adaptation during ageing, only a few studies have investigated how age-related changes in activity relate to performance during naming tasks in older adults.
Different hypotheses have been considered to explain the significance of these age-related changes. First, the compensation hypothesis [25, [38] [39] [40] [41] proposes that increased functional hemispheric symmetry in older adults is counteracted by age-related neurocognitive deficits. Second, the dedifferentiation hypothesis explains the reduced asymmetry as a difficulty in recruiting specialised neural networks [42, 43] . Last, the default network theory postulates that the major components of the default mode network remain stable in healthy, older individuals, whereas the activity in a number of discrete cortical areas located in the prefrontal, temporal, and occipital regions changes over time [44] . There is a large degree of overlap among these hypotheses, but all of them at least partially underline the ability of cerebral tissue to change its structure and function continuously in response to environmental demands. To compare these hypotheses, several studies have investigated whether PFC functional symmetry is linked to a reduction or enhancement of memory performance, but the results are still inconclusive. Regarding naming tasks, only a few neuroimaging studies have shown age-induced increases in cortical activation in the brain areas typically associated with language processing (Broca's and Wernicke's areas) [45, 46] . Interestingly, only one fMRI study has examined the role of functional age-related changes in naming abilities and found a positive correlation between BOLD responses, naming accuracy and response latencies in the frontal areas of older adults [46] , verifying the presence of compensatory mechanisms in the frontal cortex that are invoked to maintain performance in healthy ageing. A recent review of the functional brain imaging correlates of successful cognitive ageing found frontal cortex responses in older, as compared to younger, individuals, independent of task [41] .
However, functional neuroimaging data cannot prove the necessity of an area during a cognitive task because an activated area may simply be correlated with, rather than responsible for, task performance. In contrast, repetitive transcranial magnetic stimulation (rTMS) can induce a temporary impairment in performance only if the stimulated area is causally engaged in the task [47] . Based on this assumption, TMS has been used in many different cognitive domains to establish causality in brain-behaviour relationships and, specifically, to verify asymmetrical involvement of the PFC during selected tasks. Hemispheric specialisations of the dorsolateral PFC (DLPFC) during episodic memory have previously been demonstrated using rTMS in young subjects [19, [21] [22] [23] [48] [49] [50] [51] [52] and in elderly adults [20, 53] . For an extensive review of this literature, please refer to Manenti et al. [24] . Regarding naming, an rTMS study of young participants showed a left predominance of the DLPFC during action naming [54] . A unique study that investigated the effects of physiological ageing on DLPFC asymmetry during action and object naming showed a selective bilateral facilitatory effect during action naming, namely a decrease in vocal reaction time, in a group of older adults [55] .
The purpose of this study was to examine if the magnitude of DLPFC lateralisation (left-right rTMS effect) during action naming was correlated with task performance, proving the presence of a compensation strategy in some but not all elderly participants. In the present report, we re-analysed data acquired in our previous study [55] to thoroughly investigate this issue. Based on previous studies [20, 46, 56] , we predicted that DLPFC hemispherical symmetry during action naming would only be present in high-performing older adults. If identified, this result would prove that a reduction in DLPFC asymmetry in some but not all elderly participants represents a compensation strategy used to counteract age-related changes, resulting in better task performance.
Materials and methods

Participants
Prior to being enrolled in the experiment, participants were administered a standard health history questionnaire and completed a Mini Mental State Examination (MMSE) [57] . Potential participants were excluded if they reported a history of neurological disease, cardiovascular disease, psychiatric disorders or alcohol or other substance abuse. Individuals who reported subjective memory complaints or scored below 27 out of 30 on the MMSE were also excluded. In addition, a neuropsychological battery was applied, and a pathological score in at least one of the tests was a further exclusion criterion. Thirteen (4 male, 9 female) healthy older adults (age: 65-78 years, mean = 70.2 years, education: mean = 13.8 years) participated in the rTMS experiment. All participants were native Italian speakers and had normal or corrected-to-normal vision. All participants were right-handed [58] and had no contraindications for rTMS [59] . This study was approved by the local ethics committee, and participants were informed about the possible risks of rTMS before informed consent was obtained.
The neuropsychological test battery included measures used to assess nonverbal reasoning (Raven's Coloured Progressive Matrices), language comprehension (Token Test) . All the tests were administered and scored according to standard procedures [60] . In addition, some subtests of the Battery for Analysis of Aphasic Deficits (BADA) were applied [61] . The results of the cognitive assessments are presented in Table 1 .
Stimuli
The stimuli used in the action and object picture-naming tasks were provided by the Centre for Research in Language-International Picture Naming Project (CRL-IPNP) [62] . We selected 84 items (42 actions and 42 objects) in a previous experiment [55] , and none of the action stimuli included in this task were associated with the selected objects. The nouns and verbs corresponding to the sets of objects and actions were matched for target word frequency and length.
The items were divided into three blocks designed for the three stimulation conditions (left DLPFC, right DLPFC and sham). The frequencies and lengths of the target words were counterbalanced in each experimental block. The visual complexity and imageability of the pictures were also matched between blocks. Ten additional objects and actions were used as a practice block (5 actions and 5 objects). The presentation order was counterbalanced across subjects.
Procedure
Naming task
Subjects sat in front of a 17-in. monitor controlled by a personal computer running the Presentation software (www.neurobs.com). After a frame that indicated the category of the stimulus to the subject ("ACTION" or "OBJECT") was displayed, a 50 ms sound was presented upon the onset of a centrally located fixation cross. The fixation cross was present for 1000 ms. After the fixation cross disappeared, the stimulus was presented and remained on the screen for 1000 ms. A blank screen followed for anywhere from 4000 to 5000 ms. The subject's task was to accurately name the stimuli appearing on the computer screen as quickly as possible. Verbal responses were recorded and digitised at 44.1 kHz using the GoldWave program (V. 5.12, www.goldwave.com). The responses were then analysed off-line to obtain accuracy and vocal reaction times (vRTs). For each stimulus, we calculated the mean vRT and the mean response accuracy percentage.
Transcranial magnetic stimulation
For left and right DLPFC stimulation, the Talairach coordinates of the cortical sites underlying the coil were estimated for each subject using a SofTaxic Evolution Navigator system (V. 2.0; www.emsmedical.net) and by identifying the stimulation site on the scalp above Brodmann area 8 (Talairach coordinates X = ±35, Y = 24, Z = 48, middle frontal). We used a 70 mm figure-eight coil placed above the target point to deliver rTMS for 500 ms from the onset of the visual stimulus at a frequency of 20 Hz. The stimulation intensity used during the experiment was set at 90% of each subject's resting motor threshold. For the sham control condition, a 3-cmthick piece of plywood was applied to the coil so that no magnetic fields reached the cortex and the junction of the two coil wings was placed above the vertex (CZ in the EEG 10/20 international system). These parameters are in line with the safety recommendations for rTMS [59] , and none of the subjects showed side effects of stimulation.
Analysis of the link between hemispheric asymmetry and action naming performance
We only analysed action naming task performance, following the results of our previous study that showed significant rTMS-induced effects exclusively during action naming [55] . Both the vRTs and accuracy were analysed. One index of interhemispheric asymmetry was computed at the single-subject level by examining the difference between the vRTs obtained in the right and left stimulation conditions. Statistical analyses were performed using Statistica (version 10) software (www.statsoft.com). To test the compensation hypothesis, we calculated the zpoints of the vRTs during action naming in the sham condition by dividing our participants into two groups: high-performing (N = 7) and low-performing (N = 6). Performance achieved in the sham condition was used to divide the participants into two groups because it represents the participants' baseline abilities. The distribution of z-points is characterised by a minimum of −1.1 and a maximum of +2.0 and the mean of this distribution (i.e., 0) is used as cut-off in order to distinguish between Table 1 Demographic characteristics, neuropsychological and experimental assessment of the older adult group as a whole and of the high-and low-performing groups separately. p: p-value; ns: not significant.
Demographic characteristics
All group (N = 13) High-performing (N = 7) Low-performing (n = 6) p Raw scores are reported. Cut-off scores referred to Italian normative data. Bold scores highlight significant differences between high-and low-performing groups.
the two groups. We used t-tests comparisons in order to compare performances achieved in the two elderly groups. Accordingly, we determined if any standard neuropsychological test was able to differentiate between participants with better performance and participants with reduced accuracy (see Table 1 ). Importantly, we investigated differences in the two groups using our index of interhemispheric asymmetry.
Considering the two groups, we compared the index of interhemispheric asymmetry of the two older participant groups with the mean left-right asymmetry (mean = −120 ms) of young individuals [54] . A similar analysis was conducted to compare the vRTs during action naming in the high-and low-performing groups of older adults (sham condition as baseline) with the mean vRTs during action naming in young participants (mean = 911 ms).
Finally, the index of interhemispheric asymmetry was regressed against the vRTs and accuracy in the sham condition (i.e., individual abilities). A linear algorithm was applied to investigate whether greater asymmetry corresponded to better or worse performance on the action naming task.
The level of significance was set at p < 0.05.
Results
High-and low-performing elderly groups
The high-performing (N = 7) and low-performing (N = 6) groups did not differ in age or education (p > 0.05). The two groups did not differ in action naming accuracy, although the accuracy was slightly lower in the low-performing group. Independent sample t-tests on the results of the neuropsychological tests highlight better scores in phonemic verbal fluency in the high-performing group (t = 2.17, p = 0.05). The index of interhemispheric asymmetry was different between the two groups, with a significantly lower score (higher asymmetry) for the low-performing group (t = 5.04, p = 0.002). Fig. 1A shows a graphical representation of mean score at phonemic verbal fluency test (y-axis) plotted separately for the two groups (mean index of interhemispheric asymmetry on the x-axis). None of the other tests showed significance.
High-and low-performing elderly groups vs. young group
A comparison of the two older groups with the young group showed similar DLPFC asymmetry in the low-performing group (p > 0.05) and a significant difference in asymmetry in the highperforming group (t = 5.04, p = 0.002) as compared to the young group [54] . Furthermore, this analysis showed faster vRTs in the young group as compared to both the high-(t = 5.1, p = 0.002) and low-(t = 7.2, p = 0.0008) performing older adults, even though the high-performing older group showed shortened vRTs as compared to the low-performing older group (t = −5.5, p = 0.0001). These results suggest that the high-performing older adults significantly reduced DLPFC functional asymmetry to obtain better performance. Fig. 1B shows a graphical representation of mean vRTs during the experimental naming task (y-axis) plotted separately for the two elderly groups and for the young group [54] (mean index of interhemispheric asymmetry on the x-axis).
Correlations
A significant negative correlation (R = 0.68, t = 3.07, p = 0.01) between the index of interhemispheric asymmetry and the vRTs in the sham condition suggests that the slower participants were characterised by greater involvement of the left hemisphere. Accordingly, a significant positive correlation (R = 0.54, t = 2.17, p = 0.05) between the index of interhemispheric asymmetry and accuracy in the sham condition indicates that the participants that achieved better performance showed reduced involvement of the left hemisphere. Fig. 2 presents a detailed representation of these results (vRTs and accuracy on y-axis and the index of interhemispheric asymmetry on x-axis). [54] ; N = 9) and older participants with high (N = 7) or low (N = 6) action naming performance. Higher involvement of the left hemisphere (i.e., negative differences between vRTs in the left and right rTMS conditions) is evident in young participants and in older participants with low performances, whereas older participants with high performances show right or bilateral involvement of the DLPFC. Interestingly, the vRTs of the high-performing elderly participants are much more similar to those of young participants, but the asymmetry in the high-performing elderly participants is significantly different than that of young individuals. In order to obtain better performance, functional reorganisation is needed. Low-performing older adults show the same DLPFC asymmetry as young individuals but with significantly higher vRTs.
Discussion
The primary goal of the present study was to examine if the asymmetric reduction shown in older adults, as compared to young individuals, could be a compensation strategy used to counteract ageing. Accordingly, we investigated the influence of left and right DLPFC rTMS on performance during action naming.
We applied rTMS during action naming in healthy, high-or lowperforming, older participants and found that greater differences between left and right DLPFC involvement during action naming resulted in higher accuracy and faster responses in this task. These results suggest selective asymmetrical recruitment of the DLPFC (left > right) during action naming in low-performing older adults, as previously described in young individuals, whereas highperforming older adults did not show predominance (left = right). Low-performing older adults recruited a similar network of brain regions as the young adults but used them inefficiently. These findings have to be discussed in terms of functional changes in successful ageing [41] . In a recent review of the functional brain imaging correlates of successful cognitive ageing, Eyler et al. [41] concluded that augmented brain responses, particularly in the frontal cortex, serve a compensatory role in older adults, but in some cases, extraneous activation might be detrimental (i.e., in the posterior regions). Our results are in line with those of Eyler et al. [41] , as frontal cortex functional recruitment was selectively modified during successful ageing (i.e., in high-performing older adults).
Our results seem to be in agreement with the compensation hypothesis, which has been investigated in the memory domain [63] , because DLPFC recruitment was modified only in the high-performing participants, as compared to young participants. However, this result does not fit the dedifferentiation hypothesis [42, 43] . If reduced lateralisation is merely another example of the deleterious effects of ageing on the brain, then it should have been found in the low-performing elderly group of adults because they displayed more pronounced age-related cognitive deficits; however, that was not the case. On the contrary, reduced lateralisation was found in the group of high-performing participants, suggesting that this feature might be considered as a beneficial change. Moreover, the high-performing participants achieved higher scores in phonemic fluency, underling better word finding abilities in these participants.
Our group found similar results in a previous study that also used brain stimulation during an episodic memory task [20] . We verified that during the encoding of word pairs, only high-performing older adults showed bilateral DLPFC involvement, whereas a left predominance, as observed in young individuals, was present in the low-performing participants. As reported for naming in the present work, functional modification of the DLPFC was positively correlated with better memory performance, suggesting that these changes represent a compensatory strategy in successful ageing. Importantly, agreement in the results regarding the different cognitive abilities strengthens the compensation hypothesis. We acknowledge that the relatively small number of elderly participants included in our study represent a limitation. However, the finding of this study could pave the way to further studies with a larger sample.
Although further studies are needed to confirm present results and clarify the basis of these effects, the possibility to better define the presence of ageing strategies responsible for impaired or maintained cognitive ability it is also important for designing rehabilitation protocols in a patient with language disabilities [64] [65] [66] [67] [68] [69] .
Methods to reduce or magnify inter-individual differences in performance, and the integration of these mechanisms with functional age-related plasticity, may have practical and societal implications. A greater understanding of how these patterns of compensatory strategies develop and help to maintain cognitive function in ageing is an important goal for future research.
